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Abstract 

Background: Feedback-related negativity (FRN) is believed to be an important electrophysiology index of "external" 
negative feedback processing. Previous studies on FRN in obsessive-compulsive (OC) individuals are scarce and 
controversial. In these studies, anxiety symptoms were not evaluated in detail. However, OC disorders have a number of 
radical differences from anxiety disorders. It is necessary to study FRN and its neuroanatomical correlates in OC individuals 
without anxious symptoms. 

Methods: A total of 628 undergraduate students completed an OC questionnaire. We chose 14 students who scored in the 
upper 10% and 14 students who scored in the lowest 10% without anxiety symptoms as a subclinical OC group (SOC) and a 
low obsessive-compulsive group (LOC). The students all performed the revised Iowa Gambling Task. We used the event- 
related potentials (ERP) and standardized low-resolution brain electromagnetic tomography (sLORETA) to track external 
negative feedback processing and its substrate in the brain. 

Results:Our study revealed poorer decision-making ability and greater FRN amplitudes in SOC subjects compared with LOC 
controls. The SOC subjects displayed anterior prefrontal cortex (aPFC) hyperactivation during the loss feedback condition. 
Specifically, we found an intercorrelation of current source density during the loss condition between the dorsal anterior 
cingulate cortex (dACC) and aPFC in the LOC subjects but not in the SOC group. 

Conclusions: Our results support the notion that overactive external feedback error processing may reflect a candidate 
endophenotype of OC. We also provide important information on the dysfunction in the interaction between aPFC and 
dACC in populations with OC. Nevertheless, the findings support that OC may be distinguished from other anxiety disorders 
using a new electrophysiology perspective. 
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Introduction 

Obsessive-compulsive (OC) symptoms are characterized by 
recurrent intrusive thoughts (obsessions) and repetitive behaviors 
or mental acts (compulsions), which are time-consuming and lead 
to significant functional impairments or related anxiety. These 
symptoms occur not only in obsessive-compulsive disorders (OCD) 
but are also found in general populations with subclinical 
obsessive-compulsive (SOC) symptoms, which are considered to 
be "traits and symptoms of OCD that are not severe enough to 
meet OCD criteria" [1], In the past decade, investigations using 
electrophysiological (event-related potentials, ERP) and event- 
related functional magnetic resonance imaging (fMRI) have 
converged to implicate a dysfunctional "error monitoring system" 



in the etiology of obsessive-compulsive (OC) symptoms [2-4]. The 
involvement of the prefrontal cortex (PFC) [5], the anterior 
cingulate cortex (ACC) [2,6] and the corpus striatum [7,8] in 
traditional cortico-striato-thalamo-cortical (CSTC) circuits may be 
related to OC symptoms, such as abnormal error processing. 

Previous studies on the error monitoring function in OCD and 
SOC focused mainly on excessive and persistent error-related 
brain activity [9-1 1] and error-related brain potentials (error- 
related negative wave, ERN) [4,12]. In these previous studies, 
when an impulsive error was committed in speeded reaction time 
tasks, such as the flanker task or the go-nogo task [13,14], the 
subjects would self-detect the error at the same time. The sources 
of error information include not only "internal" signals generated 
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from an "efference copy" of the response command, but the fact 
that the individual decision-making process relies equally on 
"external" feedback signals to determine whether the responses 
are correct. The processing of negative performance feedback is a 
critical component in decision-making [15] that allows for flexible 
adjustment to optimize behavioral outcomes. Learning from 
external negative feedback is a hallmark of human social and 
emotional development, which may lead to a different psycholog- 
ical and physiological state in the decision-maker [16]. Therefore, 
studying "external" negative feedback processing and its neuro- 
anatomical correlates in OC individuals might be a fruitful 
approach for further clarifying the influence of error monitoring in 
the pathophysiology of related diseases. 

ERP is a tool with high temporal resolution that offers the 
opportunity to track external feedback error monitoring and its 
substrate in the brain. A negative brain potential labeled feedback- 
related negativity (FRN) is believed to be an important index of 
feedback processing. FRN is a negative deflection that peaks 
approximately 200-300 ms after the presentation of feedback in a 
time-estimation task [17], a probabilistic learning task [18] and 
especially in gambling tasks [19,20]. Studies have demonstrated 
that the FRN has a pronounced sensitivity to the valence of the 
feedback [11,19,20], unexpected outcomes [14,21] and response 
conflict [14]. Holroyd and Coles (2002) suggested that the FRN is 
the ERP component of reward prediction error feedback 
processing. Several sources of evidence suggest that the FRN 
reflects the principles of reinforcement learning which is moder- 
ated by dopamine [18]. EEC source localization and EEC- 
informed fMRI have both strongly implied that the FRN is 
generated from the dorsal anterior cingulate cortex (olACC) 
[10,20,22]. Some ERP studies reported aberrant FRN in 
neurological and psychiatric diseases, such as gambling [23], 
alcoholism [24], schizophrenia [25] and attention-deficit hyper- 
activity disorder (ADHD) [26] . 

Several lines of evidence have suggested that subjects with OC 
symptoms [27] exhibit overactive internal error monitoring with 
increased amplitude of the ERN and increases in PFC and ACC 
activation. Based on the resemblances between the FRN and 
ERN, and their seemingly similar circumstances of occurrence 
[28], it stands to reason that the FRN may also be enhanced in 
OCD patients. However, current FRN studies on external 
feedback error monitoring in OCD are scarce and controversial. 
In addition to a trend for larger FRN found in OCD patients in 
one study [29], reduced FRN amplitudes have been reported in 
limited studies. Contrary to their prediction hypothesis that the 
increasing FRN was expected to find in High OC subjects by 
Simons, High OC subjects had smaller FRN [30]. According to 
the results of Endrass, OCD patients also displayed reduced FRN 
amplitudes for exploration negative feedback [31]. O'Toole's et al. 
reported that high OC individuals demonstrated aberrant 
feedback monitoring as characterized by a lack of differentiation 
to the valence of feedback [32]. In these studies, anxiety symptoms 
were not evaluated and described in detail. In some of these 
studies, OCD was even identified as one type of chronic anxiety 
disorder [30] . Increasing amounts of evidence indicate that OCD 
and related disorders have some radical differences from anxious 
disorders, including feedback processing [33]. In fact several 
studies revealed that anxiety can in a large extent impact on 
processing of external feedback. Using a simple gambling task, Gu 
et al found that high trait-anxiety individuals showed smaller FRN 
amplitude compare with low trait anxiety, which indicated there is 
a relationship between FRN and anxiety [34]. There are some 
differences of mental characteristics, cognitive processing, and 



neural activity for feedback processing between anxiety and 
obsessive-compulsive (OC). 

Firstiy, the difference in FRN pattern can be related to different 
style of locus of control (LOC). High anxious individuals have a 
more external locus of control (LOC), whereas the OC individuals 
have a less external LOC [35]. The LOC has been reported to 
evaluate the attribution style which refers to the tendency to 
ascribe the cause of actions or events to either internal or external 
drives or forces, a larger FRN for individuals is associated with a 
more internal LOC [36]. Higher levels of trait anxiety individuals 
showed a lower FRN as a result of the weaker link between 
internal LOC and FRN [34]. For OC individuals, they tend to 
attribute the negative results of self reasons rather than the outside 
ones. Therefore, they may have higher FRN in response to 
negative feedback results. Secondly, the OC individuals have 
higher needs for control than other anxious patients [37]. In 
decision-making tasks under ambiguity, senses of control would 
have been challenged, which may affect the emotion and influence 
the processing of negative feedback results. Thirdly, trait anxiety is 
more likely to impact the prediction of negative results during the 
processing of action-outcome sequences. High anxious individuals 
would hold more negative outcome expectations [38,39] and there 
would be a diminished discrepancy between the actual and 
expected outcome under negative external feedback, as a result of 
which, high anxious individuals would show blunted FRN to 
negative feedback. In contrast, perfectionism and the avoidance of 
mistakes [40] would let OC individuals have higher expectations 
on results, which could lead to a higher discrepancy between the 
actual and expected outcome, and this might increase the FRN 
under negative external feedback. Lastly, OCD shows its 
difference from other anxiety disorders concerning fronto-striatal 
circuitry (including OFC, ACC, and striatum) [41], which is 
known to function in error detection and implicit learning. 
Furthermore, evidences from voxel-based morphometry studies 
suggested that compared to other anxiety disorders, individuals 
with OC have increased gray matter volumes in bilateral 
neostriatum which were associated with error processing. In fact, 
the DSM-5 chapter on anxiety disorder no longer includes 
obsessive-compulsive disorder. To this end, it is essential to clarify 
the potential factors that cause these confused and conflict results. 
Because of the relatively low FRN amplitudes indicating negative 
versus positive outcomes of the high trait-anxiety individuals, we 
cannot determine whether the altered FRN was caused by anxiety 
or the obsessive-compulsive [34]. Therefore, it is necessary to 
study the FRN characteristics in OC individuals and eliminate the 
interference of anxiety symptoms from the analysis. Although it is 
hard to solely verify the effect of OC symptoms on error processing 
and monitoring without the obstructions of anxiety in clinical 
OCD patients, it is absolutely feasible to overcome this issue by 
studying specific subclinical OC individuals that have not 
displayed obvious anxiety symptoms. 

FRN is usually evident in tasks in which precise predictions are 
impossible, and feedback is closely related to economic benefit. 
Some neuropsychological research in OCD patients has found 
impaired decision-making behavior on the Iowa Gambling Task 
(IGT) [42,43]. IGT is a widely used instrument to assess decision- 
making under uncertainty [44]. Gehring and Willoughby (2002) 
firstly reported that the FRN became larger after losses than after 
gains in gambling tasks. The gambling task has been used as an 
appropriate and classic paradigm to investigate alterations in the 
FRN and FRN-related brain activities in negative feedback 
processing in OCD [10,11,23,34]. FRN was reported to robusdy 
occur during slightly negative outcomes [19]. In the current study, 
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we developed a modified IGT to observe external error feedback 
processing in SOC subjects. 

Therefore, the purpose of the present study was to examine the 
FRN following negative feedback stimuli in SOC subjects without 
obvious anxious symptoms under a gambling paradigm. The 
hypothesized result of increased FRN amplitude would further 
support the assumption that increased external error processing 
occurs in SOC. To understand the possible source of FRN 
differences between SOC and comparison subjects better, we used 
source localization methods during the FRN time window. These 
results may further elucidate the electrophysiological and neural 
basis of decision-making deficits in OCD. 

Materials and Methods 

Subjects 

Undergraduate students (628, all Chinese) from Anhui Medical 
University completed the Chinese Version of the Padua Inventory- 
Washington State University Revision (PI-WSUR) [45]. The PI- 
WSUR is intended to be used for screening as well as evaluating 
symptom severity of OCD [46] . The inventory has been tested on 
Italian, American, Dutch, and Australian samples [47-50] and has 
excellent psychometric proprieties. The Chinese version also has 
high internal consistency and good test-retest reliability [45]. We 
chose fourteen students (7 women, 7 men) who scored in the upper 
10% of the distribution and fourteen students (5 women, 9 men) 
who scored in the lower 10% of the distribution as the subclinical 
obsessive-compulsive subjects (SOC) and low obsessive-compulsive 
group (LOC), respectively. All of the subjects agreed to participate 
in the study. They were screened to exclude the possibility that 
they met the clinical criteria for OCD, substance abuse, 
neurological diseases, or any other psychiatric diseases according 
to the Tenth Edition of the International Classification of Diseases 
(ICD-10). In particular, the subjects exhibited no anxiety or 
depressive symptoms (Hamilton Anxiety Rating Scale [HAMA- 
14] scores^l4 and Hamilton Depression Rating Scale [HAMD- 
17] scores^l7). There were no significant differences between the 
2 groups in sex, age, handedness, HAMA, HAMD and PI-WSUR 
scores (Table 1). The study was approved by The Ethics 
Committee of Anhui Medical University. All of the participants 
gave written consent and received a monetary reward. 

Stimuli and Experimental Procedure 

The subjects performed a gambling game related to the Iowa 
Gambling Task (IGT) (Fig. 1) [44], a laboratory task specifically 
developed to measure decision-making based on initially implicit 



probabilities. At the start of each trial, a choice stimulus (CS) with 
two numbers, a 50-point bet (left box) and a 100-point bet (right 
box), represented the monetary value in RMB. Each bet was 
associated with a defined win/loss ratio as well as different winning 
probabilities: a 0.6/0.4 win/loss probability for the 50-point bet 
and a 0.4/0.6 win/loss probability for the 100-point bet. But the 
sequence of negative and positive feedbacks is random. Thus, the 
50-point bet was a advantageous choice, and the 100 point bet was 
an disadvantageous choice. However, the subjects were not made 
aware of the loss/ gain probability or the sequence of the task over 
the experiment. After selecting a bet, the display went blank except 
for a central fixation cross, which lasted for 200 ms to 400 ms. A 
cartoon face (the outcome stimulus, OS) then appeared to indicate 
whether the bet was a win (a smiling face) or a loss (a depressed 
face). The face was present for 1000 ms. Then, a numerical 
stimulus (NS) indicated the amount either in the win or loss 
condition. This numerical stimulus remained visible for 1000 ms. 
The choice stimulus reappeared to initiate the next trial. The task 
was divided into three segments with each 100- trial segment 
lasting for approximately 4 min. The procedure was identical in 
each block. At the end of each segment, the overall "loss" or "win" 
status over the entire block was displayed on the monitor screen. 
The subjects were instructed to win as much money as possible 
with a starting capital (¥1000). Thus, in this task, negative feedback 
occurs after making a choice error. 

Electrophysiological Recordings 

Electroencephalogram (EEG) data were measured from 64 
scalp sites using Ag/AgCl electrodes mounted on an elastic cap 
(NeuroScan, Sterling, Virginia, USA) and positioned according to 
the international 10/20 system. A forehead electrode was used as 
the ground. All EEG channels were referenced to the left mastoid. 
Electrooculograms (EOG) were recorded bipolarly both horizon- 
tally from the left versus right orbital rim and vertically from a pair 
of electrodes supraorbital and infraorbital to the left eye. All 
electrode impedances were maintained below 5KQ. The EEG and 
EOG activity was amplified with a 0.01-100 Hz band pass filter 
and continuously sampled with the 500 Hz/channel. The 
acquired signals were stored for subsequent analyses. 

Ocular artifacts were removed from the EEG signal using a 
regression procedure implemented in the used Neuroscan software 
[51]. The EEG data were off-line re-referenced to the average of 
the left and right mastoids and digitally low-pass filtered below 
30 Hz. Any trials with a signal exceeding ±100 |J.V were excluded 
from averaging to eliminate EOG and movement artifacts. The 
ERP waveforms were cut from 200 ms before the onset of the 



Table 1. Group characteristics of the SOC group and the LOC group. 







SOC (N = 14) 


LOC (N = 14) 


Between-groups comparison 




Mean (SD) 


Mean (SD) 


P-value 


Sex (males/female} 


7/7 


9/5 


0.45 


Age (years) 


19.86(1.07) 


19.64(1.15) 


0.70 


Handedness (R/L) 


14/0 


13/1 


0.32 


HAMA 


4.67(4.16) 


2.17(1.64) 


0.07 


HAMD 


4.08(3.98) 


2.08(1.88) 


0.14 


PI-WSUR score (total) 


49.17(15.86) 


6.75(4.85) 


-C0.001 



Abbreviations: SOC, subclinical obsessive-compulsive; LOC, low obsessive-compulsive; HAMA, Hamilton Anxiety Rating Scale;HAMD,Hamilton Depression Rating 
Scale;PI-WSUR,Padua Inventory-Washington State University Revision. 
doi:1 0.1 371 /journal.pone.0090874.t001 
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Fixation 



50 



100 



Total score 



RT 



200-400 ms 



Positive feedback 




© 




1000 ms 



Negative feedback 



© 



1000 ms 



Win 
¥ 100/50 ! 



1000 ms 



Loss 
¥ 100/50 ! 



1 000 ms 



Figure 1. The presentation sequence within a single trial of the revised Iowa Gambling Task (IGT). On each trial, the participants were 
presented with a choice of two alternatives, one of which they were asked to select using their left or right index finger. The presentation would 
remain until the button press. After a fixation point appeared and lasted for 200-400 ms, the participants received feedback from a cartoon face for 
1000 ms, indicating whether they lost or won in the trial. Subsequently, a numerical stimulus popped up on the computer screen to indicate the 
selected consequence, which lasted for 1000 ms (RT: response time). 
doi:1 0.1 371 /journal.pone.0090874.g001 



feedback cartoon face to 1000 ms after (with 200 ms pre-stimulus 
as baseline). The FRN time windows were established from grand 
averages (group collapsed) based on at least 40 trials. Converging 
previous ERP studies reported FRN reached the largest amplitude 
at frontocentral midline sites [52,53,54,55]. Some studies quan- 
tified FRN amplitude at the single electrode, such as at Fz [21], 
FCz [14] and Cz [56] where the FRN amplitude were largest. To 
avoid on chance where FRN is maximal, we selected Fz, FCz, Cz 
and CPz as a small cluster to quantified the FRN amplitudes. We 
measured the FRN time window in 240-340 ms based on the peak 
of FRN from electrode FCz, where this ERP component typically 
reached maximum amplitude and occurred at 290 ms. The 
average amplitude measure was used because it could weaken the 
noise fluctuation compare with base to peak approach in ERP 
waveform, which is insensitive to positive deflection in FRN time 
window [57,58]. 

sLORETA Source Analysis 

Standardized low-resolution brain electromagnetic tomography 
(sLORETA) was used to estimate the cerebral generator 
underlying the FRN (240 ms to 340 ms) [59]. The sLORETA 
technique provides a three-dimensional discrete linear solution 
with zero localization error and has been frequently used for EEC 
source analysis. This method estimates neuronal activity as current 
source density (CSD) restricted to the cortical grey matter and the 
hippocampus using a digitized MNI atlas with 6239 voxels at a 
spatial resolution of 5 mm. In general, the validation of the 
sLORETA method has been independently replicated and cross- 
validated with fMRI and other brain imaging methods [60-63] . 

To identify the different neural responses to negative feedback 
between the high and low group, we compared voxel-based whole- 
brain sLORETA images between the groups during the loss 
condition based on the statistical non-parametric mapping (SnPM) 
methodology [64]. In addition, a region-of-interest (ROI) 



approach was performed to explore the CSD of the regions 
detected in the first step. As reported by previous studies, the 
dACC was involved in error monitoring and cognitive control 
processes [22,65], the ROI for the dACC were submitted for 
further CSD analysis [66]. The ROIs (radius = 5 mm) for the 
brain areas detected in the first step were defined based on the 
coordinates of the local peak activation voxel obtained during the 
first pass, whereas the ROI for the dACC (BA32, x = 4, y= 18, 
z = 44) were determined based on previous literature. 

Statistical Analysis 

All behavioral and electrophysiological analyses were conducted 
using the SPSS software package (Version 16.0; SPSS Inc., 
Chicago,USA). To analyze the task behavioral performance, we 
calculated the total netscore by subtracting the number of 
disadvantageous choices (100 point bet) from the number of 
advantageous choices (50 point bet). The 300 trials were divided 
into 6 equal blocks, and the netscore of each block of 50 choices 
was calculated to investigate whether decision making changed 
during the task. Repeated-measures ANOVAs were performed on 
the differences in value between the beneficial and adverse 
selections using blocks as within-subjects factors and group as the 
between-subjects factor. The average amplitudes were submitted 
to multivariate repeated-measures ANOVAs with feedback type 
(loss and win), intensity (50 as low condition and 100 as high 
condition) and electrode (Fz, FCz, Cz, CPz) as within-subject 
factors and group (SOC subjects and LOC subjects) as the 
between-subject factor. The degrees of freedom of the F-ratios 
were adjusted according to the Greenhouse-Geisser (GG) epsilon 
correction in all analyses. In addition, the nonparametric 
Spearman correlations between the average amplitudes during 
the loss condition and the score of PI-WSUR in the SOC subjects 
were calculated to see if the average amplitude of FRN was 
selectively related to OC symptoms. In addition, we calculated the 
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correlations between clinical behavioral performance and ERP 
measures. Moreover, a correlation analysis on the CSD was also 
conducted between dACC and brain areas detected by source 
analysis to assess whether those brain areas were functionally 
connected. 

Results 

Behavioral Results 

The repeated-measures ANOVA of the netscores revealed 
significant effects for the blocks factor [F[5, 1 30) = 2.95, P<0.05] 
and a block by group interaction effect [7^5, 130) = 2.77, P= 0.05]. 
The simple analysis revealed that no significant main effect for 
blocks were detected in the SOC subjects [7<[5,78) = 1.82, 
P=0.12], indicating that the SOC subjects selected from the 
disadvantageous choices with a higher frequency in the IGT task. 
However, there was a significant main effect for blocks in the LOC 
group [F[5,78) = 3.062, P= 0.015]. According to the LSD tests, the 
netscores of the LOC group between block 2 to block 6 were 
significantly higher compared to block 1 (all T"s<0.05). The net 
score of the LOC group markedly increased over the task, 
indicating that the increased advantageous choices (learning main 
effects) in the LOC group was obvious (Fig. 2). 

ERP Results 

The repeated-measures ANOVA of the average amplitude of 
the original FRN waveform revealed significant main effects of 
feedback type [7^1,26) = 76.35, P<0.001], intensity 
[f[l,26)= 18.70, P<0.001] and electrode [7(3,78) = 29.25, P< 
0.001]. The largest FRN amplitude at the FCz site 
(12.74± 1.17 |J,V) was more pronounced during the loss 
(13.33+1.13 uV) versus win (1 7.63± 1.24 uV) conditions. The 
amplitude was larger in the low (14.15± 1.14 uV) versus high loss 
conditions (16.81 ± 1.26 (xV) (Fig. 3). More importantly, the 
interaction effect of feedback type and group was significant 



[7^1,26) = 15.42, 7'<0.01]. This simple analysis of effects revealed 
that the amplitude differences between the loss and win conditions 
were larger in the SOC group compared with the LOC group. 

To clearly illustrate the interaction effect between feedback type 
and group, the amplitude of the loss-win difference waveform was 
analyzed. A repeated-measures ANOVA on the amplitude of the 
FRN difference wave revealed significant effects of electrode 
[7^3,78) = 25.28, P<0.001], intensity [7^1,26) = 6.56, P<0.05], 
and group [F[l,l3) = 62.47, P<0.01]. The FRN amplitude, mainly 
distributed in the FCz site (— 6.14±0.66 |J.V), was larger in the 
high (-8.93± 1.05 u.V) versus low loss condition (— 6.27± 
1.14 uV). The SOC group (—7.60 ±4.5 7 \lV) displayed larger 
amplitude than the LOC group (— 2.59±3.01 uV) (Fig. 4). 

Relationship between Clinical Characteristics and Task- 
Related Measures 

Significant correlations were not found between the clinical 
measures (PI-WSUR) and the netscores in behavioral results, 
which also occurred in the relationship of clinical measures and 
average FRN amplitudes under loss conditions. We observed that 
FRN is negatively correlated with netscores in behavioral results in 
SOC group. This suggested that in the SOC group the greater 
amplitudes of FRN are related to the worse behavior performance. 
To further clarify whether FRN group differences of negative 
feedback were independent of anxious symptoms, the HAMA 
score was entered as a covariate in an analysis of covariance. The 
interaction effect of feedback type and group for FRN amplitudes 
was still significant (75(1,26) = 6.81 1, P<0.05), indicating that 
anxiety did not affect the analyses of behavior and FRN results 
on group differences. 

Source Localization Results 

As hypothesized, the brain regions involved in negative 
feedback processing varied between the SOC and LOC groups, 
indicating functional abnormality in the SOC subjects. The 
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Figure 2. Performance of SOC and LOC in the revised Iowa Gambling Task (IGT). Means of the net scores (the number of disadvantageous 
choices minus the number of advantageous choices) and standard error are presented for the six IGT blocks (block 1 = trials 1 -50, block 2 = trials 51 - 
100, block 3 = trials 101-150, block 4 = trials 151-200, block 5 = trials 201-250, block 6 = trials 251-300) (SOC: subclinical obsessive-compulsive; LOC: 
low obsessive-compulsive). 
doi:1 0.1 371 /journal.pone.0090874.g002 
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Figure 3. Grand averages evoked by the feedback face at FCz in two groups. Grand averages evoked by the loss (solid lines) and win (dash 
lines) feedback face under the low (red lines) and high conditions (blue lines) at FCz recording sites in the SOC (left panel) and LOC (right panel) 
groups (SOC: subclinical obsessive-compulsive; LOC: low obsessive-compulsive). 
doi:1 0.1 371 /journal.pone.0090874.g003 



current source density in the anterior prefrontal cortex (aPFC), the 
intersection between the left frontal pole and the left orbito-frontal 
cortex (BA10/11), was significantly greater in the SOC group 
compared with the LOC group (t (26) = 4.68, P<0.05) (Fig. 5). The 
current source density in the dACC was marginally greater in the 
SOC group compared with the LOC group, but it did not reach 
statistical significance (in low loss: t (26) = 1 .84, P = 0.08; in high 
loss: t (26)= 1.08,P = 0.29). 

Furthermore, a correlation analysis of the dACC and aPFC 
indicated a disassociation between the LOC group and the SOC 
group (Fig. 6). In the LOC group, the current density in the dACC 
was significantly correlated with that in the aPFC (r = 0.58, P< 
0.05), whereas the analysis failed to reveal a significant correlation 
in the SOC subjects (r = 0.21, P=0.47). 



Discussion 

In the present study, we examined behavioral performance and 
the spatial-temporal features of external negative feedback 
processing using a modified IGT task in SOC subjects without 
apparent anxiety. As expected, the observation of a general 
feedback-related negative wave effect for the loss and win 
conditions (loss>win) replicated the results of many previous 
studies [19,21,67]. Convergent electrophysiological studies on 
external negative feedback processing suggest that, as identified in 
gambling tasks, the FRN reflects reward prediction errors in the 
feedback monitoring system. This type of error could trigger 
negative affect responses to monetary loss, or alternatively, 
negative affect could signal the need to adjust behavior 




Figure 4. Feedback-related negativity (FRN) difference waves and corresponding scalp topographies of the two groups. FRN 

Difference waves (loss-win) of the SOC and LOC groups at FCz (left panel), as well as the corresponding scalp topographies (right panel). The shaded 
area indicates the 240-340 ms time window in which the FRN was analyzed (SOC: subclinical obsessive-compulsive; LOC: low obsessive-compulsive). 
doi:1 0.1 371 /journal.pone.0090874.g004 
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Figure 5. sLORETA solutions to the non-parametric randomization tests on the FRN component in the loss condition. Standardized 
low-resolution brain electromagnetic tomography (sLORETA) solutions to the non-parametric randomization tests on the FRN component in the loss 
condition showing voxels in which the SOOLOC contrast was significant (P<0.05) (SOC: subclinical obsessive-compulsive; LOC: low obsessive- 
compulsive). 

doi:1 0.1 371 /journal.pone.0090874.g005 



[9,19,68]. In the present study, the subjects were instructed to win 
as much money as possible and losing money was known an error 
and constituted an unexpected negative outcome. As more money 
was lost, greater deviation in expectancy was produced. Thus, we 
can understand the FRN effect of feedback type in all participants. 

More importantly, the SOC subjects displayed enhanced 
amplitude of the original FRN waveform differences between 
the loss and win conditions when compared to the non-compulsive 
LOC subjects. Previously, it has been demonstrated that the ERN 
is greater for unexpected error outcomes in OC groups than 
healthy individuals [12,27,69]. However, the ERN findings 
differed from the results of FRN amplitudes in subclinical 
populations with OC symptoms and OCD, in which reduced 
FRN has been discovered [30-32,70]. The explanation of these 
results may relate to the bias for overestimation of possible 
negative outcomes in OC populations [71,72], but such an 
explanation does not rule out the influence of anxiety. In fact, 
higher levels of anxiety are associated with the expectancy of a 
more negative outcome in decision-making task [73], and 
therefore the reduced FRN detected in previous studies was likely 
related to the effects of anxiety. All the studies we mentioned 

LOC Group 




CSD of dACC 



above did not measure anxiety symptoms using scales or any other 
approaches. Although OCD patients often display anxiety 
symptoms, anxiety is not the core manifestation of obsessive- 
compulsive disorders [33]. Differentiated from anxiety disorder, 
several studies have found a significant relationship between 
perfectionism and obsessive-compulsive symptoms in non-clinical 
populations, and the major feature of perfectionism is the 
avoidance of mistakes [76]. Therefore, the expectancy of outcome 
may be more positive. The difference in FRN pattern can also be 
related to different style of LOC. High OC individuals have a 
more internal LOC [35] which is associated with a larger FRN. 
Ambiguity in our gambling task may affect the emotion and the 
FRN results. Furthermore, OCD may be distinguished from other 
anxiety disorders in that the hyperactivity and hyperresponse 
within the OFC, ACC, and caudate are not found in other anxiety 
disorders according to neurocircuitry findings [74,75]. To study 
the relationship between OC and FRN, we need to exclude the 
influence of the anxiety. In our study, we chose the SOC 
participants whose anxiety score did not reach the diagnosis 
standard, and our ERP results were also consistent with the 
suggestion of larger FRN in OCD patients [29], and the larger 
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Figure 6. Scatter plots of aPFC and dACC activation during the FRN time window. Scatter plots of anterior prefrontal cortex (aPFC) and 
dorsal anterior cingulate cortex (dACC) activation during the FRN time window in the SOC (right panel) and LOC (left panel) groups (CSD: current 
source density; SOC: subclinical obsessive-compulsive; LOC: low obsessive-compulsive). 
doi:1 0.1 371 /journal.pone.0090874.g006 
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amplitude differences in the SOC reflect the excessive monitoring 
to error feedback. Covariance analysis revealed that anxiety has no 
obvious impacts on the FRN results. This is the first finding that 
proves the difference between obsessive-compulsive and anxiety 
traits in the context of neural electrophysiology. 

As expected, our study revealed the SOC subjects were 
impaired in their decision making and selected from the 
disadvantageous choices with a higher frequency in the IGT task 
compared with LOG subjects. The behavioral deficits that 
occurred in the SOC group are also supported by some IGT 
studies in OCD patients [42,43], The reinforcement learning 
theory states that the FRN indexes an evaluative signal that 
depends on outcome valence and outcome expectancy whereby 
larger FRN precede behavioral adjustments [76]. The current 
study demonstrated increased FRN for loss feedback in the LOC 
group and a positive correlation with the behavior adjustment 
toward a favorable direction, which are both consistent with the 
reinforcement learning theory. However, a larger FRN did not 
prompt the behavioral performances in SOC group, which 
suggests that an appropriate degree of error feedback monitoring 
was helpful for guiding behavioral adjustments in terms of 
outcome errors or violations of expectations about those outcomes 
[18]. A theoretical inverted-U model of cortical dopamine (DA) 
function can be used to explain the conflict effect of FRN on 
behavioral adjustments in the context of reinforcement learning 
models. It has been suggested that both insufficient and excessive 
DA-receptor stimulation lead to poor performance on DA- 
dependent tasks such as gambling tasks [77]. Several sources of 
evidence suggest that the FRN is moderated by dopaminergic 
function [10]. Therefore, it is plausible to infer that the 
contradiction between the behavioral and electrophysiological 
results reflect an inappropriate level of cortical dopamine in the 
SOC group. Similar to the ERN measured in a previous study 
[78], no significant correlation was obtained between FRN 
amplitudes and symptom scale scores. We can infer that overactive 
external error monitoring may reflect a endophenotype which is 
closer to the underlying neuropathology than top-level clinical 
symptoms for SOC. Thus, the obtained results support the idea 
that enhanced FRN represents a candidate neurocognitive 
endophenotype of OCD. 

Consistent with other studies [74,79], our current work also 
documented that SOC subjects displayed more aPFC (the joint 
part of the frontal pole cortex and the OFC, BA10/11) 
hyperactivation compared with LOC subjects under the loss 
condition, a finding revealed using sLORETA during the FRN 
time window. Considerable neuroimaging research in humans 
indicates that the frontal pole cortex (also known as BA10) 
contributes to learning goal-generating processes in a controlled 
and flexible fashion and improves future choices in decision- 
making conditions that produce evident costs and benefits. Such a 
protracted function could be advantageous for the adaptation to 
complex social and cultural environments. However, in some 
developmental abnormalities such as OCD, excessive activation in 
the frontal pole cortex is likely to be related to opposite functions 
[80]. Convergent reports have emphasized the key role of the 
OFC in the pathophysiology of OCD [81,82]. Recent research 
also implies a function of the OFC in processing feedback valence 

References 

1. Lcnanc MC, Swcdo SE, Leonard H, Pauls DL, Scccry W, ct al.(1990) 
Psychiatric disorders in first degree relatives of children and adolescents with 
obsessive compulsive disorder. J Am Acad Child Adolesc Psychiatry 29: 407- 
412. 



[83,84], representing punishing outcomes, identifying bad infor- 
mation and escaping from danger [85,86], suggesting that the 
OFC may be involved in ritualized behavioral responses. Our 
results revealed that an overactive representation of negative 
feedback information and a decreased ability to learn from 
changing representations may be important cognitive and 
biological mechanisms of OC individuals. 

Because dACC hyperactivation during FRN and the sensitivity 
of dACC to external sources of error information have been 
confirmed in some previous studies, we explored the correlation 
between the dACC and the aPFC in two groups to clarify how 
these two areas work together in negative feedback processing 
[9,10,19]. However, we did not find any correlation in current 
density between the dACC and the aPFC in SOC subjects, a 
relationship that certainly exists in LOC control subjects during 
the loss condition. This suggests that there may be dysfunctions in 
the aPFC-dACC frontal network in SOC subjects that underlie 
impaired decision-making abilities. In negative feedback process- 
ing, the dACC is responsible for monitoring and integrating the 
representation of negative feedback stimuli and the reinforcement 
history, ultimately guiding the next action choice [18,57]. It 
appears that increased activity in the aPFC and reduced 
connectivity between the aPFC and dACC are associated with 
hypersensitivity to the negative characteristics of a stimulus derived 
from negative feedback and a reduced adjustment to aPFC 
hyperactivation. This illustrates a dysfunction in the interaction 
between aPFC and dACC during negative feedback processing in 
SOC subjects. These results further enrich the understanding on 
neural mechanism of OC underlying decision making dysfunction. 
Future investigations are needed to replicate these results with an 
optimized methodology (such as PET or fMRI) for functional 
localization with large samples. 

Conclusions 

Taken together, our results demonstrate the difference between 
SOC subjects without obvious anxiety and LOC controls in FRN. 
SOC subjects displayed greater amplitudes of FRN during the 
presentation of loss feedback and greater FRN amplitude 
differences between loss and win conditions compared with 
LOC controls. Significant correlations were not found between 
clinical measures and the FRN amplitudes under loss conditions. 
We also found SOC subjects were impaired in their decision 
making compared with LOC controls. Importandy, our results 
confirmed that SOC subjects display larger aPFC activation in 
response to negative feedback stimuli and a dysfunction in the 
interaction between aPFC and dACC during FRN production in 
SOC. These results indicate that interventions to adjust the 
cognition to negative feedback and strengthen interconnectivity 
between the dACC and aPFC may improve decision making 
functions in OC-related individuals. 

Author Contributions 

Conceived and designed the experiments: CYZ FQY KW. Performed the 
experiments: DL LZ DDL. Analyzed the data: CYZ RY FQY. 
Contributed reagents/materials/analysis tools: YD XGC RY. Wrote the 
paper: CYZ FQY RY KW. 



2. Fitzgerald KD, Welsh RC, Gchring WJ, Abelson JL, Himlc JA, ct al.(2005) 
Error-related hyperactivity of the anterior cingulate cortex in obsessive- 
compulsive disorder. Biol Psychiatry 57: 287—294. 

3. Gchring WJ, Himlc J, Nisenson LG (2000) Action-monitoring dysfunction in 
obsessive-compulsive disorder. Psychol Sci 1 1 : 1-6. 



PLOS ONE | www.plosone.org 



8 



March 2014 | Volume 9 | Issue 3 | e90874 



External Error Monitoring in Subclinical OC 



4. Johannes S, Wieringa BM, Nagcr W, Rada D, Denglcr R, ct al.(2001) 
Discrepant target detection and action monitoring in obsessive-compulsive 
disorder. Psychiatry Res 108: 101-110. 

5. Evans DW, Lewis MD, Iobst E (2004) The role of the orbitofrontal cortex in 
normally developing compulsive-like behaviors and obsessive-compulsive 
disorder. Brain Cogn 55: 220-234. 

6. Schlosser RG, Wagner G, Schachtzabel C, Peikert G, Koch K, et al. (2010) 
Fronto-cingulate effective connectivity in obsessive compulsive disorder: a study 
with fMRI and dynamic causal modeling. Hum Brain Mapp 31: 1834—1850. 

7. Baxter LR, Schwartz JM, Mazziotta JC, Phelps ME, Pahl JJ, et al. (1988) 
Cerebral glucose metabolic rates in nondepressed patients with obsessive- 
compulsive disorder. AmJ Psychiatry 145: 1560-1563. 

8. Rauch SL, Savage CR, Alpert NM, Dougherty D, Kendrick A, et al. (1997) 
Probing striatal function in obsessive-compulsive disorder: a PET study of 
implicit sequence learning. J Neuropsychiatry Clin Ncurosei 9: 568—573. 

9. Luu P, Tucker DM, Derryberry D, Reed M, Poulsen C (2003) Electrophysi- 
ological responses to errors and feedback in the process of action regulation. 
Psychol Sci 14: 47-53. 

10. Holroyd GB, Goles MG (2002) The neural basis of human error processing: 
reinforcement learning, dopamine, and the error-related negativity. Psychol Rev 
109: 679-709. 

1 1 . Nieuwcnhuis S, Yeung N, Holroyd GB, Schurgcr A, Cohen JD (2004) Sensitivity 
of electrophysiological activity from medial frontal cortex to utilitarian and 
performance feedback. Cereb Cortex 14: 741-747. 

12. Gehring WJ, Knight RT (2000) Prefrontal-eingulate interactions in action 
monitoring. Nat Ncurosei, 3: 516-520. 

13. Falkenstcin M, HoormannJ, Christ S, HohnsbcinJ (2000) ERP components on 
reaction errors and their functional significance: a tutorial. Biol Psychol 51: 87- 
107. 

14. Ycung N, Botviniek MM, Cohen JD (2004) The neural basis of error detection: 
conflict monitoring and the error-related negativity. Psychol Rev 111: 931-959. 

15. Lipshitz R, Gilad Z, Suleiman R (2001) The onc-of-us effect in decision 
evaluation. Acta Psychol(Amst) 108: 53-71. 

16. Paulus MP (2007) Decision-making dysfunctions in psychiatry- altered homeo- 
static processing? Science 318: 602-606. 

17. Holroyd CB, Krigolson OE (2007) Reward prediction error signals associated 
with a modified time estimation task. Psyehophysiology 44: 913-917. 

18. Holroyd CB, Coles MG, Nieuwenhuis S (2002) Medial prefrontal cortex and 
error potentials. Science 296: 1610—1611. 

19. Gehring WJ, Willoughby AR (2002) The medial frontal cortex and the rapid 
processing of monetary gains and losses. Science 295: 2279-2282. 

20. Ruchsow M, Grothe J, Spitzer M, Kiefer M (2002) Human anterior cingulate 
cortex is activated by negative feedback: evidence from event-related potentials 
in a guessing task. Ncurosei Lett 325: 203-206. 

21. Hajeak G, Moser JS, Holroyd CB, Simons RF (2006) The feedback-related 
negativity reflects the binary evaluation of good versus bad outcomes. Biol 
Psychol 71: 148-154. 

22. Ullsperger M, von Cramon DY (2003) Error monitoring using external 
feedback: specific roles of the habenular complex, the reward system, and the 
cingulate motor area revealed by functional magnetic resonance imaging. 
J Ncurosei 23: 4308-4314. 

23. Oberg SA, Christie GJ, Tata MS (2011) Problem gamblers exhibit reward 
hypersensitivity in medial frontal cortex during gambling. Neuropsychologia 49: 
3768-3775. 

24. Eein G, Chang M (2008) Smaller feedback ERN amplitudes during the BART 
are associated with a greater family history density of alcohol problems in 
treatment-naive alcoholics. Drug Alcohol Depend 92: 141—148. 

25. Morris SE, Heerey EA, Gold JM, Holroyd GB (2008) Learning-related changes 
in brain activity following errors and performance feedback in schizophrenia. 
Schizophr Res 99: 274-285. 

26. van Meel CS, Oostcrlaan J, Heslcnfcld DJ, Sergeant JA (2005) Telling good 
from bad news: ADHD differentially affects processing of positive and negative 
feedback during guessing. Neuropsychologia 43: 1946—1954. 

27. Hajeak G, Simons RE (2002) Error-related brain activity in obsessive-compulsive 
undergraduates. Psychiatry Res 110: 63-72. 

28. Holroyd GB, Nieuwenhuis S, Yeung N, Nystrom L, Mars RB, ct al.(2004) 
Dorsal anterior cingulate cortex shows fMRI response to internal and external 
error signals. Nat Neurosci 7: 497^198. 

29. Nieuwenhuis S, Nielen MM, Mol N, Hajeak G, Veltman DJ (2005) Performance 
monitoring in obsessive-compulsive disorder. Psychiatry Res 134: 1 1 1-122. 

30. Simons RF (2010) The way of our errors: theme and variations. Psyehophys- 
iology 47: 1-14. 

31. Endrass T, Koehnc S, Ricsel A, Kathmann N (2013) Neural correlates of 
feedback processing in obsessive-compulsive disorder. J Abnorm Psychol 122: 
387-396. 

32. O'Toole SA, Weinborn M, Fox AM (2012) Performance monitoring among 
non-patients with obsessive-compulsive symptoms: ERP evidence of aberrant 
feedback monitoring. Biol psychol 91: 221-228. 

33. Stein DJ, Fineberg NA, Bienvenu OJ, Denys D, Lochner C, et al. (2010) Should 
OCD be classified as an anxiety disorder in DSM-V? Depress Anxiety 27: 495— 
506. 

34. Gu RL, Huang YX, Luo YJ (2010) Anxiety and feedback negativity. 
Psyehophysiology 47: 961-967. 



35. Kennedy BL, Lynch GV, Schwab JJ (1998) Assessment of locus of control in 
patients with anxiety and depressive disorders. J Clin Psychol 54: 509-515. 

36. Aarts K, Pourtois G (2012) Anxiety disrupts the evaluative component of 
performance monitoring: An ERP study. Neuropsychologia 50: 1286-1296. 

37. Moulding R, Kyrios M (2006) Anxiety disorders and control related beliefs: the 
exemplar of Obsessive-Compulsive Disorder (OCD). Clin Psychol Rev 26: 573- 
83. 

38. Mitte K (2007) Anxiety and risk decision-making: the role of subjective 
probability and subjective cost of negative events. Pcrs Individ Dif 43: 243 253. 

39. Shepperd JA, Grace J, Cole LJ, Klein C (2005) Anxiety and outcome 
predictions. Pers Soc Psychol Bull 31: 267—275. 

40. Wu KD, Cortcsi GT (2009) Relations between perfectionism and obsessive- 
compulsive symptoms: examination of specificity among the dimensions. 
J Anxiety Disord 23: 393-400. 

41. Menzies L, Chamberlain SR, Laird AR, Thelen SM, Sahakian BJ, et al. (2008) 
Integrating evidence from neuroimaging and neuropsychological studies of 
obsessive-compulsive disorder: the orbitofronto-striatal model revisited. Ncurosei 
Biobehav Rev 32: 525-549. 

42. Lawrence NS, Wooderson S, Mataix-Cols D, David R, Spcckens A, ct al. (2006) 
Decision making and set shifting impairments are associated with distinct 
symptom dimensions in obsessive-compulsive disorder. Neuropsychology 20: 
409-419. 

43. Kodaira M, Iwadare Y, Ushijima H, Oiji A, Kato M, et al. (2012) Poor 
performance on the Iowa gambling task in children with obsessive-compulsive 
disorder. Ann Gen Psychiatry 1 1: 25. 

44. Bechara A, Damasio AR, Damasio H, Anderson SW (1994) Insensitivity to 
future consequences following damage to human prefrontal cortex. Cognition 
50: 7-15. 

45. Pang B, ZHU CY, Wang K, Zhang L, Yang P, et al. (2009) Validity and 
Reliability of Chinese Version of Padua Inventory- Washington State University 
Revision for College Students. Chinese Journal of Clinical Psychology 17: 131— 
133. 

46. Burns GL, Keortge SG, Formca GM, Sternberger LG (1996) Revision of the 
Padua Inventory of obsessive compulsive disorder symptoms: distinctions 
between worry, obsessions, and compulsions. Behav Res Ther 34: 163-173. 

47. Sanavio E (1988) Obsessions and compulsions: the Padua Inventory. Behav Res 
Ther 26: 169-177. 

48. Sternberger LG, Burns GL (1990) Obsessions and compulsions: psychometric 
properties of the Padua Inventory with an American college population. Behav 
Res Ther 28: 341-345. 

49. van Oppen P (1992) Obsessions and compulsions: dimensional structure, 
reliability, convergent and divergent validity of the Padua Inventory. Behav Res 
Ther 30: 631-637. 

50. Kyrios M, Bhar S, Wade D (1996) The assessment of obsessive-compulsive 
phenomena: psychometric and normative data on the Padua Inventory from an 
Australian non-clinical student sample. Behav Res Ther 34 : 85-95. 

51. Semlitseh HV, Anderer P, Schuster P, Presslich O (1986) A solution for reliable 
and valid reduction of ocular artifacts, applied to the P300 ERP. Psyehophys- 
iology 23: 695-703. 

52. Dehaene S, Posner MI, Tucker DM (1994) Localization of a neural system for 
error detection and compensation. Psychol Sci 5: 303—305. 

53. Gehring WJ, Coles MGH, Meyer DE, Donchin E (1990) The error-related 
negativity: an event-related brain potential accompanying errors. Psyehophys- 
iology 27: S34. 

54. Hajeak G, McDonald N, Simons RF (2003) Anxiety and error-related brain 
activity. Biol Psychol 64: 77-90. 

55. Cohen MX, Wilmes K, Vijver Iv (2011) Cortical electrophysiological network 
dynamics of fecdbacklearning. Trends Cogn Sci 15: 558-566. 

56. HirshJB, Inzhcht M (2008) The devil you know. Psychol Sci 19, 962-967. 

57. Yeung N, Holroyd CB, Cohen JD (2005) ERP correlates of feedback and reward 
processing in the presence and absence of response choice. Cereb Cortex 15: 
535-544. 

58. Cohen MX, Ranganath C (2007) Reinforcement learning signals predict future 
decisions. J Neurosc 27: 371-378. 

59. Pascual-Marqui RD (2002) Standardized low-resolution brain electromagnetic 
tomography (sLORETA): technical details. Methods Find Exp Clin Pharmacol 
24 Suppl D: 5-12. 

60. Dierks TJelic V, Pascual-Marqui RD, Wahlund L, Julin P, et al. (2000) Spatial 
pattern of cerebral glucose metabolism (PET) correlates with localization of 
intracerebral EEG-generators in Alzheimer's disease. Clin Neurophysiol 111: 
1817-1824. 

61. Mulert C,Jager L, Schmitt R, Bussfeld P, Pogarell O, ct al. (2004) Integration of 
fMRI and simultaneous EEC: towards a comprehensive understanding of 
localization and time-course of brain activity in target detection. Neurolmage 
22: 83-94. 

62. Pizzagalli DA, Oakes TR, Fox AS, Chung MK, Larson CL, et al. (2004) 
Functional but not structural subgenual prefrontal cortex abnormalities in 
melancholia. Mol Psychiatry 9: 325, 393-405. 

63. Vitacco D, Brandeis D, Pascual-Marqui R, Martin E (2002) Correspondence of 
event-related potential tomography and functional magnetic resonance imaging 
during language processing. Hum Brain Mapp 17: 4-12. 

64. Nichols TE, Holmes AP (2002) Nonparamctric permutation tests for functional 
neuroimaging: a primer with examples. Hum Brain Mapp 15: 1-25. 



PLOS ONE | www.plosone.org 



9 



March 2014 | Volume 9 | Issue 3 | e90874 



External Error Monitoring in Subclinical OC 



65. van Veen V, Holroyd CB, Cohen JD, Stengcr VA, Carter CS (2004) Errors 
without conflict: implications for performance monitoring theories of anterior 
cingulate cortex. Brain Cogn 56: 267-276. 

66. Shackman AJ, Salomons TV, Slagtcr HA, Fox AS, Winter JJ, et al.(201 1) The 
integration of negative affect, pain and cognitive control in the cingulate cortex. 
Nat Rev Neurosci 12: 154-167. 

67. Yeung N, Holroyd CB, Cohen JD (2005) ERP correlates of feedback and reward 
processing in the presence and absence of response choice. Cereb Cortex 15: 
535-544. 

68. Foti D, Hajcak G (2009) Depression and reduced sensitivity to non-rewards 
versus rewards: Evidence from event-related potentials. Biol Psychol 81: 1-8. 

69. Endrass T, Kochne S, Riescl A, Kathmann N (2013) Neural correlates of 
feedback processing in obsessive-compulsive disorder. J Abnorm Psychol 122, 
387-96. 

70. Grundler TO, Cavanagh JF, Figucroa CM, Frank MJ, Allen JJ (2009) Task- 
related dissociation in ERN amplitude as a function of obsessive-compulsive 
symptoms. Neuropsychologia 47: 1978-1987. 

71. Moritz S, Pohl RF (2009) Biased processing of threat-related information rather 
than knowledge deficits contributes to ovcrcstimation of threat in obsessive- 
compulsive disorder. Behav Modif 33: 763—777. 

72. Myers SG, Fisher PL, Wells A (2008) Belief domains of the Obsessive Beliefs 
Qucstionnaire-44(OBQ_-44) and their specific relationship with obsessive- 
compulsive symptoms. J Anxiety Disord 22: 475—484. 

73. Shcppcrd JA, Grace J, Cole LJ, Klein C (2005) Anxiety and outcome 
predictions. Pcrs Soc Psychol Bull 31: 267—275. 

74. Menzies L, Chamberlain SR, Laird AR, Thelen SM, Sahakian BJ, et al.(2008) 
Integrating evidence from neuroimaging and neuropsychological studies of 
obsessive-compulsive disorder: the orbitofronto-striatal model revisited. Neurosci 
Biobehav Rev 32: 525-549. 



75. Rotge JY, Guchl D, Dilharreguy B, Cuny E, TignolJ, ct al. (2008) Provocation 
of obsessive-compulsive symptoms: a quantitative voxel-based meta-analysis of 
functional neuroimaging studies. J Psychiatry Neurosci 33: 405-412. 

76. Wu KD, Cortesi GT (2009) Relations between perfectionism and obsessive- 
compulsive symptoms: examination of specificity among the dimensions. 
J Anxiety Disord 23: 393-400. 

77. Jacobs E, D'Esposito M (201 1) Estrogen shapes dopamine-dependent cognitive 
processes: implications for women's health. J Neurosc 31: 5286—5293. 

78. Riesel A, Endrass T, Kaufrnann C, Kathmann N (2011) Overactive error- 
related brain activity as a candidate endophenotype for obsessive-compulsive 
disorder: evidence from unaffected first-degree relatives. Am J Psychiatr 168: 
317-324. 

79. Stern ER, Welsh RC, Fitzgerald KD, Gchring WJ, Lister JJ, et al. (2011) 
Hyperactive error responses and altered connectivity in ventromedial and 
frontoinsular cortices in obsessive-compulsive disorder. Biol Psychiatry 69: 583- 
591. 

80. Tsujimoto S, Genovesio A, Wise SP (201 1) Frontal pole cortex: encoding ends at 
the end of the endbrain. Trends Cogn Sci 15: 169-176. 

81. Saxcna S, Rauch SL (2000) Functional neuroimaging and the neuroanatomy of 
obsessive-compulsive disorder. Psychiatr Clin North Am 23: 563-586. 

82. Milad MR, Rauch SL (2007) The role of the orbitofrontal cortex in anxiety 
disorders. Ann N Y Acad Sci 1121: 546-561. 

83. Kringelbach ML, Rolls ET (2004) The functional neuroanatomy of the human 
orbitofrontal cortex: evidence from neuroimaging and neuropsychology. Prog 
Neurobiol 72: 341-372. 

84. Milad MR, Rauch SL (2012) Obsessive-compulsive disorder: beyond segregated 
co rtico- striatal pathways. Trends Cogn Sci 16: 43—51. 

85. HollermanJR, Tremblay L, Schultz W (2000) Involvement of basal ganglia and 
orbitofrontal cortex in goal-directed behavior. Prog Brain Res 126: 193-215. 

86. Elliott R, Agncw Z, Deakin JF (2010) Hedonic and informational functions of 
the human orbitofrontal cortex. Cereb Cortex 20: 198-204. 



PLOS ONE | www.plosone.org 



10 



March 2014 | Volume 9 | Issue 3 | e90874 



